Methionine is an indispensable sulfur amino acid that functions as a key precursor for the synthesis of homocysteine and cysteine. Studies in adult humans suggest that splanchnic tissues convert dietary methionine to homocysteine and cysteine by means of transmethylation and transsulfuration, respectively. Studies in piglets show that significant metabolism of dietary indispensable amino acids occurs in the gastrointestinal tissues (GIT), yet the metabolic fate of methionine in GIT is unknown. We show here that 20% of the dietary methionine intake is metabolized by the GIT in piglets implanted with portal and arterial catheters and fed milk formula. Based on analyses from intraduodenal and intravenous infusions of [1-13 C]methionine and [ 2 H3]methionine, we found that the whole-body methionine transmethylation and remethylation rates were significantly higher during duodenal than intravenous tracer infusion. First-pass splanchnic metabolism accounted for 18% and 43% of the whole-body transmethylation and remethylation, respectively. Significant transmethylation and transsulfuration was demonstrated in the GIT, representing Ϸ27% and Ϸ23% of whole-body fluxes, respectively. The methionine used by the GIT was metabolized into homocysteine (31%), CO 2 (40%), or tissue protein (29%). Cystathionine ␤-synthase mRNA and activity was present in multiple GITs, including intestinal epithelial cells, but was significantly lower than liver. We conclude that the GIT consumes 20% of the dietary methionine and is a significant site of net homocysteine production. Moreover, the GITs represent a significant site of whole-body transmethylation and transsulfuration, and these two pathways account for a majority of methionine used by the GITs.
T
he sulfur amino acids, methionine, homocysteine, and cysteine, have attracted considerable interest in the last decade. Methionine is an indispensable amino acid and is transmethylated intracellularly to homocysteine via S-adenosylmethionine (SAM), an important methyl donor for most biological methylation reactions (1) . Homocysteine can be further catabolized to cysteine through transsulfuration, which is regulated by the enzymes cystathionine ␤-synthase (CBS) (EC 4.2.1.22) and cystathionine ␥-lyase (EC 4.4.1.1). Homocysteine can also be used for methionine synthesis through remethylation. Consequently, homocysteine represents a critical regulatory control point for methionine and cysteine synthesis and folate metabolism.
Homocysteine is normally present in human plasma at low concentrations. However, elevated plasma homocysteine concentrations have important implications for human health and disease. Clinical studies indicate that hyperhomocysteinemia is strongly associated with increased risk of cardiovascular disease, with ischemic and hemorrhagic stroke in infants and children (2) (3) (4) , and, more recently, Alzheimer's disease and other neurological diseases in adults (5) . Genetic defects in methionine metabolism related to methionine synthase, N 5,10 -methylenetetrahyrdofolate, also result in neural dysfunction, mental retardation, and pregnancy complications (6) (7) (8) . Recent studies have linked homocysteine, folate, and DNA methylation with gastrointestinal diseases, namely inflammatory bowel disease and colon cancer (9) (10) (11) (12) (13) . The underlying mechanism linking homocysteine to inflammatory disease may be the induction of leukocyte adhesion molecules and proinflammatory cytokines in vascular endothelial cells (10) .
Methionine is also a precursor for cysteine, which plays a key role in cellular protein function and redox status by virtue of its thiol (ϪSH) moiety. In addition, it also serves as a precursor of glutathione, a major cellular antioxidant, as well as CoA, taurine, and inorganic sulfur. Several tissues in the body are capable of cysteine synthesis (14) , which is why cysteine is considered nutritionally dispensable. However, increasing evidence that oxidant stress is linked to many disease pathologies and aging has focused attention on the antioxidant functions of cysteine and its product, glutathione, leading some to suggest that cysteine is a conditionally indispensable dietary nutrient (15) (16) (17) .
Most cells in the body are capable of transmethylation and remethylation, yet homocysteine metabolism via transsulfuration seems limited to certain tissues. Early studies by Mudd et al. (18) showed that CBS and cystathionine ␥-lyase are active mainly in human liver tissue, and to a lesser extent, in extra hepatic tissues including pancreas, kidney, small intestine, brain, and lung. Stegink and den Besten (19) first reported in vivo evidence to implicate splanchnic tissues as a key site of methionine transsulfuration by demonstrating that plasma cysteine concentrations are significantly higher in human subjects fed a methionine-containing, cystine-free diet enterally versus intravenously. However, subsequent metabolic studies with stable isotopic tracers also have indirectly suggested that a substantial fraction of the dietary methionine undergoes transmethylation and remethylation during first-pass splanchnic metabolism in adult humans (20, 21) . More recent studies show that the whole-body methionine requirement and circulating homocysteine concentrations are significantly higher in piglets fed enterally than parenterally, demonstrating that splanchnic methionine metabolism is nutritionally significant (22, 23) .
Despite the clear evidence that splanchnic tissues play a major role in methionine transmethylation and transsulfura-tion, the relative contribution of the gastrointestinal tissues (GIT) remains unclear. Our previous studies have shown that GIT extensively metabolize dietary indispensable amino acids, namely lysine, threonine, and leucine (24 -26) . In the case of methionine, our studies and those of others suggest that substantial metabolism and even oxidation of dietary methionine occurs in the gut (26, 27) . However, the extent of transmethylation and transsulfuration in the GIT and its relative contribution to whole-body methionine metabolism has not been established. In this report, we have coupled our piglet model of arteriovenous balance across the GIT with an established stable isotopic tracer approach using [1- 13 C and methyl-2 H 3 ]methionine to investigate the metabolic fate of methionine in the gut and the contribution to the whole-body rates of transmethylation and transsulfuration. We hypothesized that there is substantial transmethylation, transsulfuration, and remethylation of dietary methionine by GIT and that dietary rather than systemically derived methionine is preferentially metabolized.
Results
Whole-Body Methionine Metabolism. Mean weight of the animals on the first and second days of the experiment were 6.74 Ϯ 1.89 kg and 7.52 Ϯ 1.99 kg, respectively. No significant differences between intravenous (IV) and intraduodenal (ID) infusions were observed in mean whole-body CO 2 production (IV 46 Methionine plateau was defined as the mean plasma enrichment between 5 and 6 h. Steady-state of [1- 13 C]homocysteine was not achieved after 6 h of infusion (data not shown), and these values were not used to estimate the tissue intracellular precursor enrichment for whole-body fluxes as done previously (28) . However, the plasma [1-13 C]homocysteine enrichments were used to calculate methionine kinetics in the GIT, because the assumption of steadystate is not necessary. Whole-body methionine kinetics are depicted in Table 1 , and rates are expressed as mol⅐kg Ϫ1 ⅐h Ϫ1 . Whole-body methionine transmethylation, remethylation, and incorporation into protein synthesis were significantly (P Ͻ 0.05) higher during ID than IV tracer infusion, indicating first-pass splanchnic metabolism. Whole-body transmethylation represented 25% and 27% of methionine flux when infused IV and ID, respectively. Whole-body transsulfuration represented 21% and 20% of methionine flux when infused IV and ID, respectively, and was not significantly different between the infusion groups. Most of whole-body methionine flux (Ϸ80%) was used for protein synthesis and only Ϸ20% was metabolized through transmethylation and transsulfuration.
Methionine Metabolism in the GIT. Methionine kinetics of the GIT are shown in Table 2 and Fig. 2 . Total net methionine utilization by the GIT accounted for 20% of the dietary methionine intake. However, there was no first-pass metabolism of dietary methionine in the GIT. After correction for recycling and arterial uptake of ID methionine tracer absorbed into the portal blood, Data are mean Ϯ SEM (n ϭ 16 plasma and n ϭ 6 -8 tissues) for IV and ID tracer administration.
the net methionine uptake was 16 mol⅐kg Ϫ1 ⅐h Ϫ1 , indicating that the GIT preferentially metabolized systemic methionine rather than dietary methionine. Release of [
13 C]homocysteine and 13 CO 2 by the GIT, which is a reflection of transmethylation, accounted for 67% of the GIT [ 13 C]methionine uptake. Transsulfuration was measured as the 13 CO 2 release by the portal drained viscera, which was 38% of the [
13 C]methionine uptake by the GIT. The contribution of GIT to whole-body metabolism is shown in Fig. 3 . The rate of GIT methionine uptake represented 20% of the dietary methionine intake, whereas Ϸ49% and 32% of the dietary methionine intake was metabolized in the whole body via transmethylation and transsulfuration, respectively. The GIT represented 27% and 23% of whole-body rates of transmethylation and transsulfuration, respectively.
The isotopic enrichments of free [1-13 C] and [methyl-2 H 3 ]methionine in the intestinal and liver tissues were not different between IV and ID groups ( Table 3 . Consistent with tracer flux, the net rate of methionine absorption from the GIT was 78% and 82% of the dietary intake in IV and ID groups, respectively. The net homocysteine flux was significantly positive, indicating net production by the GIT; the homocysteine flux represented 20-25% of the respective GIT methionine utilization rate.
The mRNA expression and activity of CBS in various GI tissues are expressed in Fig. 4 . A single PCR product of 76 bp derived from a sequence spanning exons 6 and 7 of the porcine CBS gene was measured in all tissues (Fig. 4 A) . The relative expression of CBS mRNA in liver tissue was Ͼ10-fold higher than in any GI tissue measured. However, the CBS activity in liver tissue was only 3-to 5-fold higher than in GITs. Interestingly, both liver and intestinal epithelial cell CBS activity was markedly (Ϸ6-fold) increased above the basal rate by coincubation with 1.0 mM SAM, a known allosteric activator of the enzyme (28) .
Discussion
The main objective of this study was to quantify the metabolic fate of methionine in the GIT by using our established in vivo model coupling organ balance and isotopic tracer kinetics. Our results demonstrate in vivo that the GIT is a metabolically significant site of methionine transmethylation and transsulfuration. Moreover, we show in vivo evidence that the GIT is not only a site of intracellular homocysteine synthesis but also of net release into the circulation. This finding provides evidence for the metabolic role of the GIT in the etiology of homocysteinemia and how this may be impacted by gastrointestinal disease states. This study also extends our previous work with other indispensable amino acids, e.g., lysine, leucine, threonine, and phenylalanine, and shows that, in addition to the liver, the GIT is an active site of methionine metabolism in the body (24 -26, 29, 30) .
Our results indicated that the GIT metabolize Ϸ20% of the dietary methionine intake. Recent studies in neonatal piglets fed cysteine-free diets demonstrated that the whole-body methionine requirement is Ϸ40% lower in total parenterally fed (TPN) compared with enterally fed pigs (31) . The difference in this case was attributed to GIT metabolism, because TPN bypasses the gut and results in gut atrophy. A subsequent study showed that feeding an excess of dietary cystine significantly decreased the methionine requirement consistent with the methionine-sparing effect of cysteine (22) . However, even with excess dietary cystine, the methionine requirement in TPN-fed pigs was still Ϸ28% lower than enterally fed pigs, again implying that the GIT represents 28% of body methionine metabolism. The latter study 
Data are mean Ϯ SE (n ϭ 16). Rates are expressed as mol⅐kg Ϫ1 ⅐h Ϫ1 except where indicated.
Fig. 2.
Schematic representation of the metabolic fate of enteral and systemic methionine kinetics in the GIT (n ϭ 16). Dietary methionine intake (A); arterial methionine flux through the GIT (B); portal methionine outflow (C); unidirectional, first-pass uptake of dietary methionine by the GIT (D); dietary methionine not metabolized by the GIT in first pass (E); unidirectional uptake of arterial methionine by the GIT (F); arterial methionine not metabolized by the GIT (G); recycled methionine derived from proteolysis (H); and methionine that is converted to homocysteine (I), CO 2 (J), and protein (K) by the GIT. Rates expressed as mol⅐kg Ϫ1 ⅐h Ϫ1 . Dietary intake includes [1-13 C] and [methyl-2 H3]methionine tracers. Detailed explanation of equations and assumptions used for calculating the methionine kinetic in the GIT are included in supporting information (SI) Appendix. is comparable to our current study where dietary cystine was in excess of the methionine intake. The difference between our direct estimate of 20% and the indirect estimate of 28% GIT metabolism could be due to the nature and composition of the diets (formula versus elemental diet) or that our pigs were slightly older (4 versus 1 week old).
The finding of significant transmethylation and transsulfuration in the GIT is supported by previous reports and our current evidence showing the presence of enzymes involved in methionine metabolism in stomach, pancreas, and intestinal epithelial cells (18, 32) . Recent evidence from colonic cell (Caco-2) culture studies also showed the presence of methionine transmethylation and transsulfuration activity (33) . The finding of net homocysteine production potentially implicates the gut in homocysteinemia. It also explains why enteral nutrition results in significantly higher circulating homocysteine concentrations than TPN (23 C]methionine was 0.05 in liver and 0.12 in intestine. These ratios are explained by the high rate of intracellular methylation and necessary loss of the deuterated methyl moiety via SAM synthesis. This indicates a substantial methylation rate in the intestine that is nearly half of that observed in the liver. It is important to note that the current estimates of methionine transmethylation and transsulfuration are minimal estimates, given the generous dietary cystine intake, and are likely higher under conditions of cysteine and folate deficiency or oxidant stress. Yet, it is remarkable that despite the high dietary cysteine intake, the GIT represent Ϸ23% of whole-body transsulfuration and a third of all methionine used by the gut was used for cysteine synthesis. This value is nearly twice as high as that reported recently for sheep, where they observed that Ϸ10% of wholebody methionine oxidation occurred in GIT (27) . It is of interest that isolated epithelial cells had the highest CBS activity among the GI tissues measured. Oxidant stress is known to increase methionine transsulfuration to meet the increased cysteine demand for cellular glutathione synthesis (34, 35) . This suggests that the metabolic requirement for methionine and cysteine by the gut may be increased in conditions such as inflammatory bowel disease and enteric infection.
We observed substantially higher whole-body rates of transmethylation (3-fold) and transsulfuration (6-fold) in our young pigs when compared with those reported in adult humans (21) . Moreover, when expressed as fraction of transmethylation, we found that most of the body homocysteine produced in young pigs is metabolized via transsulfuration, and less is remethylated when compared with adult humans; it is unclear whether this is due to difference in species or age. A particularly important finding was that the whole-body transmethylation and remethylation rates were significantly higher during the enteral compared with the IV tracer infusion protocol. This suggests that nearly 18% and 43% of the whole-body transmethylation and remethylation, respectively, occurs in first-pass by splanchnic tissues. However, another key observation from this study was that the GIT preferentially utilizes methionine from the arterial circulation rather than the diet, contrary to our hypothesis. Thus, the results indicate that the preferential first-pass splanchnic metabolism of dietary methionine occurs in the liver and not the GIT. These findings are consistent with our evidence of substantial intracellular methylation rates in both the liver and intestinal tissues. Moreover, our findings support indirect evidence from separate clinical studies where a dual-labeled [1-13 Cmethyl-2 H 3 ]methionine tracer was given intravenously and orally (20, 21) . The authors of these two studies estimated that there is no first-pass splanchnic metabolism when based solely on kinetics of the [1-13 C-methyl-2 H 3 ]methionine isotopomer. However, these authors found that the enrichment of [1-13 C]methionine isotopomer was considerably higher when the [1-13 Cmethyl-2 H 3 ]methionine tracer was given orally than after IV infusion, indicating the presence of significant first-pass splanchnic transmethylation and remethylation of dietary methionine. Recent in vivo studies in sheep also indicate that the liver and gut tissues are important sites of homocysteine remethylation (36) . The markedly lower enrichment of the [methyl- 2 H 3 ]methionine compared with [1-
13 C]methionine implies a very high fractional rate of methylation and remethylation. Therefore, our results together with previous reports in humans and sheep strongly suggest that the GIT and liver are major sites of homocysteine remethylation. In this study, the relative plasma [ 13 C]homocysteine/ [ 13 C]methionine enrichments were considerably higher than recent reports in humans under postabsorptive (37, 38) and insulin-stimulated conditions. Theoretically, in tissues with the enzymatic capacity for transmethylation the intracellular enrichment of [ 13 C]methionine and [ 13 C]homocysteine should be similar, assuming that there is one common intracellular pool. Although we did not measure tissue [
13 C]homocysteine enrichments, the tissue [
13 C]methionine enrichment in the intestine (3.07 MPE) and liver (3.79 MPE) was significantly lower than that of plasma [
13 C]homocysteine (5.52 MPE). The plasma [ 13 C]homocysteine enrichment theoretically represents the summation of transmethylation in the whole body. These results further suggest that the fractional rates of methionine transmethylation to homocysteine are disproportionately higher in the liver and GIT compared with other tissues in the body.
In conclusion, this study provides in vivo kinetic evidence for methionine transmethylation and transsulfuration in the developing GIT. Moreover, we show the GIT to be a site of net homocysteine release into the circulation. The high rates of transmethylation in the GIT may be functionally linked to methyl demand for synthesis of polyamines, phosphatidylcholine, or creatine (39) . The GIT consumed 20% of the dietary methionine intake and approximately two-thirds of this was used for synthesis of homocysteine and cysteine. We also show that the GIT contributes significantly to whole-body methionine transsulfuration and that CBS expression is localized to epithelial cells within the small-intestinal mucosa. We speculate that the high rate of methionine transsulfuration in the GIT is driven by cysteine needs for glutathione synthesis because of the oxidant stress associated with the high metabolic activity of proliferating epithelial cells. Another demand for intestinal methionine transsulfuration may be for synthesis of cysteine-rich mucins secreted by goblet cells involved in innate immune function (40) . We also found significant first-pass splanchnic transmethylation and remethylation, but this appears to be confined only to the liver, because there was no first-pass methionine use by the GIT. Taken together, the results suggest that the GIT is a key site for regulation of homocysteine metabolism via dietary and other means. These studies also suggest that GI disease states may play a role in the development and treatment of hyperhomocysteinemia or conversely that dysregulation of gut homocysteine metabolism may contribute to pathologies of GI diseases, namely inflammatory bowel disease.
Materials and Methods
Animals and Design. The protocol was approved by the Animal Protocol Review Committee of Baylor College of Medicine and conformed to the U.S. Department of Agriculture guidelines. Sixteen, 14-day-old female piglets (Large White ϫ Hampshire ϫ Duroc) were adapted for 7 days to a liquid milk replacer diet (Litterlife; Merrick, Middleton, WI) that provided 25 g of lactose, 5 g of fat, and 12.5 g of protein per kg body weight daily. Methionine and cystine contents were 0.52% and 0.61%, respectively, providing a daily intake of 0.25 g methionine/kg and 0.31 g of cystine/kg. At 20 days of age, the piglets (n ϭ 16) were surgically implanted with catheters as described (26, 41) . One week after surgery, each piglet received ID and IV tracer infusions on two different days in a randomized, cross-over design with at least one day between the ID and IV infusions. To estimate whole-body CO 2 production, a 2-h infusion of [ 13 C]sodium bicarbonate was performed before the methionine tracer infusion (26) .
Tracer Protocol. At 27 days of age, piglets were fed a bolus meal supplying 1/12 of the preceding total intake after an overnight fast. Constant duodenal infusion at a rate of 1/24 of the daily intake (ml⅐kg Ϫ1 ⅐h Ϫ1 ) was started 1 h after the animal had consumed its meal; this was continued for 8 h. Immediately after starting the duodenal feeding, all piglets received a primed, continuous IV infusion ( ]methionine (98% and 99% APE, respectively; Cambridge Isotope Laboratories) was administrated for 6 h either via the jugular (IV) or via the duodenal (ID) catheter. The primed, continuous infusion rate was 10 mol⅐kg Ϫ1 ⅐h Ϫ1 for each methionine tracer, so the total isotopic methionine infusion rate was 20 mol⅐kg Ϫ1 ⅐h Ϫ1 . Arterial and portal blood samples were collected at 0, 90, 115, and 120 min and 6, 7, and 8 h. Portal blood f low was monitored continuously by transit-time ultrasound for 30 min before the initial formula feeding and throughout the entire 8-h protocol as described (24, 26) . After tracer infusion on the second study day, animals were euthanized (Beutanasia-D; Schering-Plough Animal Health, Kenilworth, NJ) and intestinal, pancreas, stomach, and liver tissues were collected and frozen at Ϫ80°C.
Sample Preparation and Analysis. Blood gases (Chiron Diagnostics, Halstead, Essex, U.K.) and hematocrit were determined immediately in all arterial and portal blood samples, and isotopic enrichment of 13 CO 2 in whole blood was analyzed by isotope ratio mass spectrometer as described (26) . Plasma was obtained from arterial and portal blood, and an aliquot of plasma was combined with methionine sulfone (0.4 mM) and stored at Ϫ80°C until further amino acid analysis by HPLC (PicoTag System; Waters, Woburn, MA). 13 C]homocysteine were quantified on the heptafluorobutyric anhydride (HFBA) derivatives by GC-MS by using a modification of the methods described (37, 42) . Blood 13 CO 2 enrichment was determined by gas isotope ratio mass spectrometry (26) . Plasma homocysteine was determined by isotope dilution using D 8 -homocystine (37, 42) . Briefly, plasma was acidified with 10% trichloroacetic acid, amino acids were separated by cationexchange (AG 50W , and the concentration of homocysteine was calculated by isotope dilution as described (37) . The frozen small intestine (n ϭ 16) and a liver sample were homogenized and separated into free and bound fractions by adding sulfosalicylic acid (6%) to precipitate protein. The tissue-free fraction was then subjected to cation exchange as described above, the eluant was dried under nitrogen, and derivatized by using ethylchloroformate. GC-MS analysis (Carlo Erba GC800 and Fisons MD800; Interscience BV, Breda, The Netherlands) was performed in electron-impact mode, and the ion abundance was monitored in SIM mode; m/z for natural methionine [M ϩ 0],
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